Introduction
============

*Toll* and *Toll-like* genes encode type I transmembrane receptors that are critical for both innate immunity and development in animal genomes ([@msx168-B73]; [@msx168-B41]; [@msx168-B19]). Across the animal kingdom, Toll receptor repertoires have diversified by a series of gene duplications followed by neofunctionalization, subfunctionalization, or pseudogenization ([@msx168-B58]; [@msx168-B71]; [@msx168-B31]; [@msx168-B10]). This diversification has allowed the Toll superfamily of proteins to recognize a variety of extracellular and endosomal stimuli, triggering a transcriptional response by NF-κB proteins. Within mammals, the functions of Toll-like receptors (TLRs) have been extensively studied in the context of innate immunity. Each receptor is thought to bind a distinct set of conserved microbial molecules. For example, TLR4 recognizes bacterial lipopolysaccharide ([@msx168-B54]; [@msx168-B30]), whereas TLR11 recognizes profilin from protozoa ([@msx168-B81]). Similarly, TLR3 and TLR7 recognize incoming viruses within endosomes via recognition of double-stranded DNA or single-stranded DNA, respectively ([@msx168-B2]; [@msx168-B29]). Some TLRs present in most mammals have been lost in the human lineage, including the TLR11/12 family, altering the repertoire of microbial recognition pathways present in humans ([@msx168-B58]).

While TLRs play many important roles in mammals, this superfamily of receptors was first discovered in *Drosophila*, with the prototypical Toll (or Toll-1) receptor ([@msx168-B3]). Within insects, the Toll-1 pathway responds to Gram-positive bacterial and fungal pathogens, while also playing critical roles in embryonic development ([@msx168-B41]). The mechanism of microbial recognition differs significantly between mammalian and insect Toll pathways ([@msx168-B73]). Whereas mammalian TLRs directly bind to microbial molecules to initiate signaling, insect Toll-1 recognizes these cues indirectly through an extracellular proteolytic cascade that results in the processing of the Toll-1 endogenous ligand, Spätzle, to its active form ([@msx168-B44]). Processed, extracellular Spätzle ligands are then bound by Toll-1 to propagate the signal inside of the cell.

The diversity of functions encoded by the *Toll*-like genes in mammals has spurred evolutionary and functional analyses of these proteins in diverse animal genomes, including insects. Many insect *Toll* paralogs are ancient, with orthologs present in distantly related arthropods ([@msx168-B18]; [@msx168-B83]; [@msx168-B23]; [@msx168-B50]). There have also been lineage-specific duplications of *Toll* family genes as well as lineage-specific losses ([@msx168-B18]; [@msx168-B83]; [@msx168-B23]; [@msx168-B50]). Some of these lineage-specific *Tolls* are important for pathogen recognition and host fitness. For instance, *Toll-11* paralogs found only in mosquitos can protect the host from *Plasmodium falciparum* infection ([@msx168-B57]). Nevertheless, most lineage-restricted *Tolls* remain poorly studied. Because insect Tolls have diversified in parallel evolutionary trajectories to mammalian TLRs, experimentally tractable insects like *Drosophila* are promising model systems to understand how *Toll* families diversify their signaling repertoires over time.

Among insects, the *Toll* repertoire has been best analyzed in *Drosophila melanogaster*, which has nine *Toll* paralogs (named *Toll-1* through *Toll-9*) ([@msx168-B69]). Each of these paralogs encodes proteins with an N-terminal region comprised of leucine-rich repeats (LRRs) and cysteine-rich LRR variants (termed LRRNT and LRRCT), a central transmembrane domain, and a C-terminal, cytoplasmic TIR domain involved in signal transduction. Most of the *Drosophila Toll* paralogs have been less well characterized than the originally identified *Toll-1* gene. Nevertheless, experimental strategies involving characterization of mutant, knockdown and over-expression phenotypes have revealed that most *Drosophila Toll* paralogs (*Toll-1, -2, -5, -6, -7, -8,* and *-9*) participate in some aspect of development ([@msx168-B3]; [@msx168-B69]; [@msx168-B78]). Four Toll genes (*Toll-1, -5, -7,* and *-9*) have also been implicated in immune signaling ([@msx168-B40]; [@msx168-B69]; [@msx168-B49]; [@msx168-B7]; [@msx168-B45]). In contrast, no functions or phenotypes have been ascribed to the *Drosophila Toll-3* (also known as *MstProx*) or *Toll-4* genes.

The *Toll* gene family has also been studied to identify the selective pressures that have acted upon *Drosophila* immune genes. These approaches can pinpoint particular paralogs and even particular amino acids that are rapidly evolving. Some of these broad surveys have identified weak signatures of positive selection in *Toll-1* ([@msx168-B62]; [@msx168-B60]; [@msx168-B27]) and *Toll-5* ([@msx168-B62]), but these signatures were not always robust enough to pass statistical tests ([@msx168-B60]; [@msx168-B48]; [@msx168-B27]). Analyses of *Toll-3* and *Toll-4* have demonstrated similar weak signatures of positive selection by a pairwise McDonald--Kreitman test ([@msx168-B48]) or maximum likelihood methods ([@msx168-B27]). However, several of these previous studies of *Drosophila* immune gene evolution excluded *Toll-3* and *Toll-4* genes or analyzed only a small fraction of the alignment due to difficulties in identifying and/or aligning orthologs ([@msx168-B60]; [@msx168-B27]).

Here, we investigate the evolution of *Toll-3* and *Toll-4* genes via phylogenomic analyses of Drosophila genomes. Our analyses confirm and extend previous findings that most *Toll* paralogs are generally present in a single copy in *Drosophila* genomes ([@msx168-B28]) and largely evolve under purifying selection ([@msx168-B60]; [@msx168-B48]; [@msx168-B27]). In contrast, we find that the *Toll-3*/*4* lineage evolves rapidly, undergoing recurrent episodes of gene loss and gene gain, as well as strong positive selection in some *Drosophila* species. As a result of this dynamic evolution, the number of *Toll-3/4* genes in *Drosophila* genomes varies from zero to 19 (including pseudogenes). Although they remain functionally uncharacterized, we find that many of these lineage-specific *Toll-3/4* paralogs are expressed in males, specifically in testes. Additionally, unlike other *Toll* genes, *Toll-3/4s* have apparently escaped from essential developmental roles, as knockdowns have no substantial effects on *D. melanogaster* viability or male fertility. We further divide *Toll* genes of insects into 3 evolutionary classes, with genes like *Toll-3/4s* representing the most rapidly evolving class. Based on our findings, we hypothesize that *Toll-3/4* genes are a highly unusual class of *Toll* genes, participating in a still-undiscovered function in the male germline.

Results
=======

The Prolific *Toll-3/4* Gene Family of *Drosophila*
---------------------------------------------------

To compile a detailed compendium of all *Toll* paralogs, we first identified all *Tolls* from a well-assembled, well-annotated set of 12 *Drosophila* species genomes ([@msx168-B20]), using blastn and tblastn searches with *D. melanogaster Toll-1* to *-9* as queries. We extracted the amino acid sequences from the TIR domain of all Toll proteins, generated multiple alignments, and then carried out phylogenetic analyses ([fig. 1*A*;](#msx168-F1){ref-type="fig"}[supplementary fig. S1](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online). In the resulting phylogeny, we found that all of the *Drosophila Toll* homologs could be unambiguously assigned to one of 8 clades. For seven of these clades (*Toll-1, -2, -5, -6, -7, -8,* and *-9*), *Toll* genes clustered tightly at the ends of long branches. Consistent with previous findings, this tree suggested that the TIR domains diverged from each other long before the origin of the *Drosophila* genus, and that they have been strongly conserved among the 12 *Drosophila* species since that time. The majority of *Toll* genes also rarely duplicated, remaining at single copy in most species. Exceptions were *Toll-2* which has 2 copies in *D. sechellia, Toll-8* which has 2 copies in *D. grimshawi,* and *Toll-9,* which has 2 copies in the *D. yakuba* genome ([fig. 1*B*;](#msx168-F1){ref-type="fig"}[supplementary fig. S1](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online).

![Diversity of Toll family proteins in 12 Drosophila species. (*A*) Phylogeny constructed from the TIR domain from 135 *Toll* family genes using PhyML. Colored branches are those with unambiguous *D. melanogaster* orthologs, as defined by tree topology and synteny. Selected internal nodes are labeled with posterior probability, and all nodes with support \<0.5 have been collapsed. Root based on [@msx168-B23]. (*B*) Number of *Toll* subfamily genes+pseudogenes. Number of *Toll-3/4* genes is highlighted in red. Loci identified by blastn and tblastn and assigned to Toll family based on alignments, phylogeny, and synteny. Dmel, *D. melanogaster*; Dsim, *D. simulans*; Dsec, *D. sechellia*; Dere, *D. erecta*; Dyak*, D. yakuba*; Dana, *D. ananassae*; Dpse, *D. pseudoobscura*; Dper, *D. persimilis*; Dwil, *D. willistoni*, Dvir, *D. virilis*; Dmoj*, D. mojavensis*; Dgri, *D. grimshawi*.](msx168f1){#msx168-F1}

In contrast, we found that *Toll-3* and *Toll-4* genes did not appear in distinct clades, but were instead both found within a single clade that we term the "*Toll-3/4* clade", which was most closely related to the *Toll-1* and *Toll-5* clades ([fig. 1*A*](#msx168-F1){ref-type="fig"}). In addition to the annotated *Toll-3* and *Toll-4* orthologs, we identified many *Toll-3/4* genes from other *Drosophila* species that do not have direct orthologs in the *D. melanogaster* genome, but are instead related to the *Toll-3/Toll-4* common ancestor. We refer to these genes as "*Toll-3/4* genes" to disambiguate them from the *bona fide Toll-3* and *Toll-4* orthologs we find in some species more closely related to *D. melanogaster*. In some lineages, the *Toll-3/4* family is greatly expanded, with as many as 19 different *Toll-3/4* genes or pseudogenes in the genome ([fig. 1*B*](#msx168-F1){ref-type="fig"}). This implies that some *Drosophila* species encode more *Toll-3/4* genes than the total repertoire of all other *Toll* genes combined. This pattern of prolific gains is also accompanied by unusual losses. For example, we were unable to identify any *Toll-3/4* genes from *D. mojavensis* or *D. grimshawi*, despite finding orthologs from the seven remaining *Toll* families in these genomes. However, we were able to identify two *Toll-3/4* genes from *D. virilis*, implying that *Toll-3/4s* were present in the last common ancestor of the 12 species. To confirm the loss of *Toll-3/4* genes in *D. mojavensis* and *D. grimshawi,* we used the *virilis Toll-3/4* genes as queries in tblastn searches of these two genomes, but the only hits were to other *Toll* genes (e.g. *Toll-1*, *-2*, and *-5* to *-9*). Similarly, we queried the genomes of several more distantly related fly species---*Drosophila busckii, Bactrocera oleae, Hermiteia illucens, Phortica variegata, Sarcophaga bullata, Musca domestica*, and *Glossina morsitans morsitans*---to determine when *Toll-3/4s* arose, but did not identify any additional homologs. We therefore infer that the *Toll-3/4* family must have arisen early in the evolution of the *Drosophila* genus and has subsequently been independently lost at least twice during *Drosophila* evolution---from both the *D. mojavensis* and the *D. grimshawi* lineages.

Extensive Turnover and Independent Diversification of *Toll-3/4*s
-----------------------------------------------------------------

We confirmed and extended our phylogenetic findings by examining the syntenic location of each of the identified *Toll* genes within the 12 *Drosophila* genomes. We found that most *Tolls* are present in a shared syntenic location in each of the 12 *Drosophila* genomes with only occasional duplication to a distant genomic locus ([fig. 2](#msx168-F2){ref-type="fig"}; [supplementary fig. S2](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online). In contrast, we found that the *Toll-3/4* family genes are found in numerous, unshared syntenic loci ([fig. 2](#msx168-F2){ref-type="fig"}). For instance, we found that the *Toll-4* gene is in the same syntenic location in species as divergent as *D. melanogaster* and *D. ananassae* but not in *D. pseudoobscura* or more distantly related species. This implies that *Toll-4* originated in its syntenic location in the common ancestor of *D. melanogaster* and *D. ananassae*, after the divergence from *D. pseudoobscura*. Curiously, *D. virilis* also has a *Toll-3/4* gene adjacent to the *melanogaster Toll-4* syntenic locus, raising the possibility that the *D. virilis Toll-3/4* gene has been retained in its ancestral location since prior to the *D. melanogaster/D. virilis* divergence.

![*Toll-3/4* genes are rapidly gained and lost from multiple syntenic loci. The *Toll-5 (Tehao)* locus is representative of most *Toll* paralogs that are conserved in their syntenic locus across *Drosophila* spp. In contrast, *Toll-3/4* genes are gained and lost from multiple genomic regions. Only those loci containing more than one *Toll-3/4* gene across the 12 species are depicted. Neighboring genes used to mark a shared syntenic locus are colored and labeled. Dotted arrows indicate regions where a gene is encoded within an intron and/or on the opposite strand of another gene. \"Distant locus\" refers to genomic regions that are on different scaffolds or are more than 1.5 Mb away in order to show loci that have moved during chromosome rearrangements.](msx168f2){#msx168-F2}

*Toll-3 (*also called *MstProx*) appears to be younger and present in even fewer species than *Toll-4*. Most *D. melanogaster* have an intact *Toll-3,* but there is also a segregating premature stop codon allele that is present in ∼2% of lines in the Drosophila Genetic Reference Panel collection ([@msx168-B42]), as well as in the *D. melanogaster* reference genome. We found intact *Toll-3* genes in the same, syntenic locus in *D. melanogaster, D. simulans*, and *D. sechellia* but also identified clear signs of pseudogenization in *D. erecta* and *D. yakuba,* where the homologous sequences were disrupted by many SNPs and deletions, resulting in numerous stop codons in all reading frames. Consequently, these loci were easily identified by their nucleotide similarity (blastn) but not by their translated sequences (tblastn). We found no traces of the *Toll-3* gene in the syntenic locus of more diverged species. Thus, *Toll-3/4* turnover is observable over even short time scales, reflecting an ancient and ongoing dynamic of gene gain and loss.

To understand *Toll-3/4* evolutionary dynamics with better resolution, we constructed a phylogenetic tree based on an amino acid alignment of Toll-3/4 proteins from 12 *Drosophila* species and additional melanogaster group species ([fig. 3](#msx168-F3){ref-type="fig"}). We obtained these sequences by blast queries to published genomes. We also performed PCR to obtain additional Toll-3/4 sequences from species whose genomes have not been sequenced (see Materials and Methods). The maximum-likelihood based phylogeny revealed that the *Toll-3/*4 genes have diversified independently---forming separate, distinct clades---within the melanogaster group, the obscura group, the willistoni group and the virilis group. Outside of the melanogaster group, we found no direct orthologs of *Toll-3* or *Toll-4*, consistent with our analyses of the syntenic loci ([fig. 2](#msx168-F2){ref-type="fig"}). Furthermore, although most *Drosophila* species possess *Toll-3/4* family genes, only closely related species share individual *Toll-3/4* orthologs, and many *Drosophila* lineages have private, species-specific repertoires of these genes. For example, within the melanogaster group, we found that *D. yakuba* encodes four *Toll-4*-like genes ([fig. 3](#msx168-F3){ref-type="fig"}). In contrast, we found *D. kikkawai* has no *Toll-4* ortholog but instead four *Toll-3*-like genes, including an ortholog of *D. melanogaster Toll-3*.

![Phylogeny based on amino acid alignment of 61 *Toll-3/4* genes. Pink or red branches indicate genes in the *Toll-4* or *Toll-3* syntenic loci, respectively. Internal nodes labeled with posterior probability. Genes designated as Toll4.x were identified from intergenic regions in the current annotations, and therefore do not have a gene id number. \*\*GF22704 is a withdrawn gene annotation, but was manually re-annotated from the gDNA sequence. \*\*\*Toll-4.obs1 merges two adjacent gene models: GA24352 and GA32586.](msx168f3){#msx168-F3}

In more distantly-related lineages such as the obscura group (*D. pseudoobscura* and *D. persimilis*) and willistoni group, we similarly found many *Toll-3/4* loci per species, each encoding either a single gene or a cluster of tandem duplicates of genes or pseudogenes ([fig. 2](#msx168-F2){ref-type="fig"}). These loci also appeared to be lineage specific. We found two syntenic loci of *Toll-3/4* genes encoding up to 6 genes that were unique to the obscura group. For ease of reference, we refer to these as *Toll-3/4.obs1* to *6* (see [fig. 3](#msx168-F3){ref-type="fig"} for corresponding Flybase gene designations). We also found six distinct *Toll-3/4* genes in two locations unique to the *D. willistoni* genome (*Toll-3/4.wil1 to 6)*. Oddly, one genomic locus appears to have independently acquired nonorthologous *Toll-3/4* genes in both *D. willistoni* (*Toll-3/4.wil7* to *9*) and *D. pseudoobscura* (*Toll-3/4.obs7* to *8*), owing to a chromosome rearrangement in the obscura group that linked the neighboring gene CG16825 to another locus, CG11236 ([figs. 2 and 3](#msx168-F2){ref-type="fig"}). We found additional, isolated *Toll-3/4* genes or pseudogenes in *D. ananassae, D. virilis*, *and D. willistoni* that are not schematized in [figure 2](#msx168-F2){ref-type="fig"}. These isolated genes are distant from other *Toll-3/4*s, and are in genomic loci that do not encode *Toll-3/4* genes in any of the other well-annotated *Drosophila* genomes ([fig. 3](#msx168-F3){ref-type="fig"}). We conclude from this pattern of diversification that most *Toll-3/4* genes are quite young and have undergone a rapid birth-and-death process of independent duplication and recurrent pseudogenization. We emphasize that this birth-and-death process within *Drosophila* spp. seems to be highly accelerated for the *Toll-3/4* paralogs, but not for any of the other *Toll* genes.

What Is the Mechanism for Recurrent Birth of *Toll-3/4* Genes?
--------------------------------------------------------------

We next investigated whether the repeated duplications of *Toll-3/4* genes might be due to their residence within genomic regions that are hotspots for duplication or copy number variants (CNVs). If so, then *Toll-3/4* diversity may be driven by mutational bias, independent of *Toll-3/4* function(s). Genome-wide surveys of CNVs have recently been performed within diverse *D. melanogaster* populations ([@msx168-B82]; [@msx168-B12]) as well as in *D. simulans* and *D. yakuba* ([@msx168-B59]). Within these datasets, *Toll-6, Toll-7,* and *Toll-9* within *D. melanogaster* had CNVs that partially duplicated portions of the gene. In contrast, none of the *Toll-1, -2, -3, -4*, *-5,* or *-8* genes had CNVs within coding regions, although several had variation within introns. No segregating duplications were detected in *D. simulans* or *D. yakuba* that overlapped any *Toll* loci. Therefore, it does not appear that *Toll-3/4* diversity can be explained by their residence within previously mapped duplication hotspots.

To understand the mechanism of the rapid *Toll-3/*4 duplications, we looked in detail at the *D. yakuba* paralogs of *Toll-4*, which we refer to as *Toll-4.yak1 to yak4*. The *yak1* and *yak2* genes lie within to the *Toll-4* syntenic locus, while the other *Toll-4* copies reside elsewhere on chromosome 2L. Notably, the *D. yakuba* sister species *D. erecta* has only a single pseudogene copy of *Toll-4* that resides in the syntenic locus, indicating that the *D. yakuba* duplications have likely occurred during the approximately 8 My since the *D. yakuba*--*D. erecta* divergence ([@msx168-B68]). We hypothesized that this recent origin of *Toll-4* duplications in *D. yakuba* might leave genomic evidence of the mechanism of duplication, especially because these genes are not found in complex multigene clusters as they are in *D. pseudoobscura* and *D. willistoni*.

The *D*. *yakuba* gene *Toll-4.yak1* in the ancestral locus contains 4 coding exons, as is true for the syntenic *Toll-4* genes in other melanogaster group species. However, for *Toll-4.yak2, Toll-4.yak3*, and *Toll-4.yak4* we only found sequences corresponding to exons 3 and 4 of the parental, syntenic gene, while exons 1 and 2 were apparently missing ([fig. 4](#msx168-F4){ref-type="fig"}). An investigation of the nearby genomic region revealed that a *DNAREP1_DM* transposable element, also called *DINE-1* ([@msx168-B79]), resides within intron 2 of *Toll-4.yak1*. Additional *DNAREP1_DM* elements flank both sides of the *Toll-4*.*yak2 and Toll-4.yak3* genes and are also present 5' of the *Toll-4.yak4* gene. We infer that these *DNAREP1_DM* elements may have provided regions of sequence homology that allowed for exons 3 and 4 of *Toll-4* to be copied elsewhere on the chromosome through aberrant recombination. Since exons 3 and 4 encode the majority of the *Toll-4* sequence (including LRRs, a transmembrane domain, and the TIR domain), these recombination events led to the origin of novel *Toll-4* paralogs with diversified N-termini once new start codons were acquired postduplication. We note that this mechanism of repeat-mediated duplication via nonallelic recombination has the potential not only to rapidly copy *Toll-3/4* genes around the genome, but also to rapidly delete these genes via recombination of adjacent repeats. We expect that the *Toll-3/4* repertoire we observe in modern *Drosophila* genomes is therefore merely a snapshot of the many additional copies of these genes that have likely existed in the history of these species, or that might still exist in unsampled strains.

![Recent Toll-4 duplications in *D. yakuba* likely mediated by repetitive elements. Toll-4.yak1 resides in the syntenic Toll-4 locus and has four exons (pink boxes). *DNAREP1_DM* repetitive elements (*REP1,* light blue) lie within intron 2 of Toll-4.yak1 and flank Toll-4 duplicates elsewhere on chromosome 2L.](msx168f4){#msx168-F4}

*Toll-3/4* Genes Show Male-Specific Expression
----------------------------------------------

We next investigated whether the partial *Toll-4* duplications we observed in *D. yakuba* were expressed or whether they were unexpressed pseudogenes. We analyzed the expression of the *Toll-4* duplicates in four RNA-seq datasets from whole, adult *D. yakuba* ([@msx168-B16]). The *Toll-4.yak4* locus lies within the intron of another gene, which meant that we were not confident in assigning mapped reads to *Toll-4.yak4* as opposed to its overlapping gene. However, we did observe low level *Toll-4.yak1, yak2,* and *yak3* transcription in the adult male samples, albeit at different levels in the two biological replicates (0.40 \< FPKM \< 0.90 in replicate 1 and 0.05 \< FPKM \< 0.2 in replicate 2; [supplementary material](#sup1){ref-type="supplementary-material"} S1, [Supplementary Material](#sup1){ref-type="supplementary-material"} online). Notably, little to no expression was observed in either of the whole female samples (FPKM \< 0.02). We interpret these results to mean that even partial *Toll-4* duplications have the potential to produce novel genes that are expressed, especially in males.

To investigate if male-biased expression is a general feature of *Toll-3/4* genes, we examined the expression of all *Toll* family genes in publically available RNA-seq datasets for *D. melanogaster* in addition to the following species that have experienced *Toll-3/4* duplications: *D. kikkawai*, *D. pseudoobscura*, *D. willistoni*, and *D. virilis* ([supplementary material](#sup1){ref-type="supplementary-material"} S1, [Supplementary Material](#sup1){ref-type="supplementary-material"} online). *Toll-1* is a maternally deposited gene that controls dorsal-ventral embryonic patterning, and is therefore highly expressed in embryos, ovaries, and adult females of all species examined. It is also expressed broadly in multiple adult tissues, as are *Toll-2, -5, -6, -7, -8,* and *-9* at varying levels.

In contrast, many *Toll-3/4* duplicates were not detectably expressed. However, in all cases where any expression of *Toll-3/4* genes was detected, it was predominantly found in males, especially in testes ([supplementary material](#sup1){ref-type="supplementary-material"} S1, [Supplementary Material](#sup1){ref-type="supplementary-material"} online). In *D. melanogaster*, low level *Toll-3* and *Toll-4* RNA expression has been observed in larvae, pupae, imaginal discs, whole adult males, and testes ([@msx168-B24]). Late in embryogenesis, *Toll-4* expression was also observed by in situ hybridization in a minority of putative lymph gland precursor cells ([@msx168-B35]). In *D. pseudoobscura*, we found that 6 of the 9 *Toll-3/4* genes were expressed (FPKM \> 0.05), all of which were male-specific and predominantly expressed in testes. While most of these had relatively low expression around FPKM = 1, *Toll-3/4.obs3*, was expressed considerably higher with an average FPKM of 9.7.

In *D. willistoni*, we confidently detected expression from only 4 of the 19 *Toll-3/4* genes (*Toll-3/4.wil2, 3, 4*, and *17*; [supplementary material](#sup1){ref-type="supplementary-material"} S1, [Supplementary Material](#sup1){ref-type="supplementary-material"} online). These genes were expressed in male abdomens but not female abdomens, presumably due to expression in the male reproductive system. In all cases, *Toll-3/4* genes were expressed at low levels around FPKM = 1, perhaps reflecting expression in a small minority of cells. *Toll-3/4.wil2, 3,* and *4* genes appeared to be full-length, with predicted LRRs, a transmembrane domain, and a C-terminal TIR domain. Curiously, *Toll-3/4.wil17* also showed evidence of expression despite having a much smaller open reading frame than other *Tolls*, and was predicted to encode only a secretion signal and a few LRRs.

For *D. kikkawai* and *D. virilis*, none of the *Toll-3/4s* were expressed above FPKM = 0.1, although we note that these RNA-seq experiments analyzed mRNA from whole males and whole females and therefore lacked sensitivity to detect low-level, tissue-specific transcripts. Indeed, when we individually analyzed the expression of two of the *D. kikkawai Toll-3/4s* by RT-PCR, we found that one was male- and testes-specific, while the other was not expressed ([fig. 5](#msx168-F5){ref-type="fig"}).

![*Drosophila kikkawai* Toll-4 duplicates include both testis-specific genes and those without detectable expression. PCR from *D. kikkawai* genomic DNA (g) or cDNA from whole adults (W), heads (H), testes (T), ovaries (O), carcass without gonads (C), or larvae (L). Gene-specific primers were designed across small introns, as demonstrated by the slight size shift between genomic DNA and cDNA. Expression of ribosomal gene *Rp49* is shown as a control.](msx168f5){#msx168-F5}

We also queried previous datasets of genes expressed in testes and ovaries of *Drosophila* spp. In *D. ananassae, Toll-4.ana1* and *Toll-4.ana2* showed low expression but were significantly higher expressed in testes than in ovaries, while *Toll-3* expression was not detected in any tissue. In *D. pseudoobscura*, *Toll-3/4.obs2, Toll-3/4.obs3,* and *Toll-3/4.obs6* were all expressed and were at higher levels in testes than in ovaries, while the remaining *Toll-3/4s* were not detected ([@msx168-B74]).

The lack of detectable expression of many *Toll-3/4* genes is consistent with their highly dynamic evolution, including complete loss in some species. Alternatively, these genes might only be expressed under specific conditions (e.g., under pathogen infection), which have yet to be examined, especially outside of *D. melanogaster*. However, when they are clearly expressed, *Toll-3/4s* were transcribed exclusively in males, predominantly in testes.

*Drosophila melanogaster Toll-3/4s* Have Minimal Impact on Viability or Male Fertility
--------------------------------------------------------------------------------------

We next used the genetic tools available in *D. melanogaster* to investigate male viability and fertility in flies with perturbed *Toll-3/4* expression. Using crosses with Gal4 driver lines, we knocked down or overexpressed *Toll* family transcripts, either across the whole fly (using *Act5C-Gal4*) or within the male germline (using *vasa-* or *bam-Gal4*). Because transgene lines vary in their knockdown efficiency, for both *Toll-3* and *Toll-4* we tested 2--3 independent RNAi lines with each Gal4 driver. The very low endogenous levels of *D. melanogaster Toll-3/4* transcripts precluded experimental validation of changes in expression upon RNAi-induced knockdown, but we were nevertheless able to assess the phenotypes of these flies.

Control experiments with whole-fly perturbation of *Toll-1* and *-5* yielded expected viability defects. Overexpression of *Toll-1* was lethal in early developmental stages whereas *Toll-5* knockdown yielded viable adult flies, but these all died within 7 days post-eclosure. In contrast, all *Toll-3/4* knockdown and overexpression flies were viable without obvious developmental or viability defects, consistent with previous reports ([@msx168-B78]). The number of knockdown flies obtained from these crosses did not differ from Mendelian expectations, and there was no sex bias among the progeny in any cross (for all crosses *P* \> 0.1 by *χ*^2^ test, *n* \> 130 offspring counted per cross) suggesting that these genes do not play an essential role in viability, sex-specific or otherwise. This apparent release of *Toll-3/4* genes from essential developmental roles is also consistent with our observation that some *Drosophila* spp. have lost all of their *Toll-3/4* genes.

The lack of an essential role in development does not necessarily imply that these genes are unimportant for host fitness. In particular, the impacts of *Toll-3/4s* on male fertility have not previously been investigated. To test if the knockdown or overexpression flies had fertility defects, we crossed males of each genotype to female flies from the *yw* strain and counted the resulting offspring. As a control, we crossed *yw* males to *yw* females. In these experiments, all knockdown males sired viable adult offspring and did so at approximately the same levels as control males ([supplementary fig. S3](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online). There was a minor but statistically significant decrease in offspring number when *Toll-3* was knocked down with the *vasa* germline Gal4 driver (*P* \< 0.05 for each RNAi line by 2-tailed *t*-test), but this decrease was not observed when males were knocked down with the other two Gal4 drivers. The *Toll-3* and *Toll-4* overexpression males had no observable viability or fertility defects (data not shown). In summary, we observed mild, if any, impact of *Toll-3* or *Toll-4* knockdown or overexpression on male viability or fertility in *D. melanogaster*.

Do *Toll-3/4* Genes Evolve under Positive Selection?
----------------------------------------------------

Given the lack of an obvious role for *Toll-3/4* genes in viability and fertility, we next asked if these genes are evolving under neutral processes, or alternatively if they exhibited evolutionary signatures of adaptation or constraint. Previous analyses have identified weak signatures of positive selection in *Toll-3* and *Toll-4* using maximum likelihood methods ([@msx168-B27]) and in *D. melanogaster/D. simulans Toll-4* based on a McDonald--Kreitman test ([@msx168-B48]). We therefore investigated whether *Drosophila Toll* genes had generally evolved under positive selection, first by comparing pairwise amino acid identity of the *D. melanogaster Tolls* with their orthologs from *D. simulans*, *D. yakuba*, and *D. ananassae* ([table 1](#msx168-T1){ref-type="table"}). We found that *Toll-2, -6, -7*, and *-8* were most highly conserved at \>90% amino acid (aa) identity in all comparisons, whereas *Toll-1, -5,* and *-9* were less conserved (\>70% aa identity), with most of this divergence arising in their extracellular domains. Strikingly, *Toll-4* was much more diverged---only 47% aa identity between *D. melanogaster* and *D. ananassae*. *Toll-4* also has a higher gene-wide dN/dS compared with the other *Toll* genes, particularly in the extracellular domain (pairwise dN/dS in [table 1](#msx168-T1){ref-type="table"}, see [supplementary material](#sup1){ref-type="supplementary-material"} S2, [Supplementary Material](#sup1){ref-type="supplementary-material"} online for dN/dS along each branch). We found a similar divergence and elevation of dN/dS for *Toll-3* between *D. simulans* and *D. melanogaster*. We did not find gene-wide signatures of dN/dS \>1 for any of the *Toll* genes, but such gene-wide analyses have limited power to detect positive selection when it occurs at a minority of sites. Table 1.Toll-3 and Toll-4 Are More Diverged from Their Orthologs Than Other Tolls.Gene Name%aa IdentitydN/dS Full GenedN/dS ExtracellulardN/dS IntracellularToll97.2/ 87.5/ 72.20.07/ 0.19/ 0.080.08/ 0.15/ 0.090.05/ 0.28/ 0.03Toll-299.7/ 98.8/ 92.90.01/ 0.02/ 0.020.01/ 0.02/ 0.020.00/ 0.00/ 0.01Toll-390.3/ NA/ NA0.31/ NA/ NA0.31/ NA/ NA0.19/ NA/ NAToll-491.5/ 72.2/ 47.20.44/ 0.48/ 0.190.47/ 0.52/ 0.120.14/ 0.15/ 0.08Toll-596.9/ 92.7/ 76.70.07/ 0.08/ 0.060.10/ 0.11/ 0.080.02/ 0.00/ 0.00Toll-699.3/ 99.0/ 93.60.02/ 0.02/ 0.010.02/ 0.01/ 0.010.04/ 0.02/ 0.02Toll-799.4/ 98.6/ 90.40.03/ 0.01/ 0.010.03/ 0.01/ 0.030.00/ 0.02/ 0.03Toll-899.3/ 98.4/ 92.30.03/ 0.02/ 0.020.03/ 0.03/ 0.020.03/ 0.02/ 0.03Toll-995.8/ 91.8/ 74.10.13/ 0.12/ 0.090.15/ 0.13/ 0.110.06/ 0.07/ 0.03[^2]

To overcome this limitation, we then proceeded to a more in-depth analysis of positive selection using the maximum likelihood-based program PAML ([@msx168-B80]). A previous PAML analysis had identified a signature of positive selection on the *Toll-1* gene in *Drosophila spp*., but not on any other Toll paralogs ([@msx168-B60]). A second paper found weak evidence of positive selection for *Toll-1, -3,* and *-4*, but none of these signals passed a false discovery rate test ([@msx168-B27]). As both of these results were part of large-scale screens for positively selected genes, we decided to revisit the analyses in more depth. When we analyzed the *Toll-1* orthologs from 12 *Drosophila* genomes, we found that the gene annotation for *D. sechellia* was truncated, and the *D. persimilis Toll-1* was split into two adjacent gene models. We manually extended the *D. sechellia* annotation and excluded the *D. persimilis* gene from analysis. Subsequently, we constructed a multiple alignment and a phylogenetic tree of *Toll-1*. To examine signatures of positive selection, we used the codeml program in the PAML suite, which employs maximum likelihood methods to estimate the rate of synonymous (dS) and nonsynonymous (dN) substitutions at each codon to determine if there is significant evidence of positive selection (i.e., dN/dS \> 1). More specifically, the NSsites test compares the likelihood of models in which positive selection is not permitted (M7: dN/dS \< 1; M8a: dN/dS ≤ 1) to one that permits positive selection at a subset of amino acid sites (M8: dN/dS \> 1) to evaluate whether the latter is a better fit to the sequence data. In contrast to previous work, we did not find evidence for *Toll-1* positive selection (PAML M7 vs. M8 *P* = 0.27, M8a vs. M8 *P* = 0.48). We speculate that gene annotation errors may have clouded previous analyses of *Toll-1* evolution. We performed the same analyses for *Toll-2, -5, -6, -7, -8,* and *-9*, and also found no evidence of positive selection across the 12 *Drosophila* genomes.

We then turned our attention to the *Toll-3/4* genes, which were more challenging to analyze due to their rapid diversification. To obtain enough orthologs of *Toll-3* and *Toll-4* for these analyses, we queried additional closely related species of the melanogaster group whose genomes had been recently sequenced but not yet annotated: *D. bipectinata, D. kikkawai, D. ficusphila, D. elegans, D. takahashii, D. suzukii, D. biarmipes,* and *D. eugracilis*. Since *Toll-3* had been lost in many of the species we analyzed, we used degenerate primers to additionally amplify and sequence the *Toll-3* genomic locus from *D. pseudotakahashii*. We manually annotated the *Toll-3/4* coding sequences using an iterative method of blast searches and alignments, generating relatively high-confidence gene models for the majority of *Toll-3/4* genes from the melanogaster group (see Materials and Methods). We find that the *Toll-3/4s* vary significantly in their size, specifically in the expansion and contraction of the number of LRR domains. Analyses based on multiple-alignments are not able to assess whether this change in LRR domains is driven by drift or positive selection, so we focused our analyses on substitutions within the well-aligned regions of the *Toll-3/4s*.

Using phylogenetics and shared synteny analysis, we confirmed that all of the putative *Toll-3/4* orthologs we obtained corresponded to the *Toll-3* and *Toll-4* clades ([fig. 3](#msx168-F3){ref-type="fig"}). We constructed full-length alignments of the *Toll-3* and *Toll-4* orthologs, ensuring that we analyzed only homologous sequences by pruning the alignment to eliminate the N-terminus of *Toll-4* genes (exons 1 and 2). Analyses of positive selection can be misled by recombination or gene conversion among paralogs, as this can result in different evolutionary histories for different regions of a gene. To avoid these complications, we used the program GARD on all alignments to test for evidence of recombination. No significant breakpoints were detected for *Toll-3* or *-4*. We then analyzed alignments of *Toll-3* and *Toll-4* with PAML as described above ([table 2](#msx168-T2){ref-type="table"}). We found that *Toll-3* did not show evidence of positive selection and we observed only a weak signature of positive selection in *Toll-4* in the melanogaster group species (*P*-value =0.05 for M7--M8 comparison and *P* =0.29 for M8a--M8 comparison). A modest proportion (3.7%) of sites in the *Toll-4* alignment were predicted to evolve under positive selection, but their average dN/dS (or "omega") values were only slightly higher than 1 (1.34). Indeed, no individual sites were identified as having evolved under recurrent positive selection with a high posterior probability (\>0.95) according to the Bayes Empirical Bayes (BEB) test. These findings are consistent with previous studies on fewer species that have found only a modest signature of positive selection in *Toll-4*. Table 2.PAML Analyses of Toll Family Alignments.Genes\# SequencesM7 versus M8 *P*-ValueM8a versus M8 *P*-Value\# Positively Selected Sites (BEB \>95%)Highest Omega in M8% Sites dN/dS\>1Toll-3130.490.72------Toll-4: 136--3267130.050.2901.343.7Obscura Toll-3/4s: 1--1584120.020.0314.720.6Obscura Toll-3/4s: 1585--2763120.050.2703.051.0Obscura Toll-3/4s: 2764--3180120.200.16------Willistoni Toll-3/4s: 1--1308131.2×10^−38^4.4×10^−31^283.7416.1Willistoni Toll-3/4s: 1309--1593130.430.99------Willistoni Toll-3/4s: 1594--1833130.300.6------Willistoni Toll-3/4s: 1834--3339134.6×10^−4^0.2601.337.6[^3]

When we analyzed the *Toll-3/4* paralogs present in the obscura group (*D. pseudoobscura* and *D. persimilis*) as above, GARD analyses identified 2 significant recombination breakpoints. We therefore split the alignment into three segments and analyzed each separately. As with *Toll-4* in the melanogaster group, we found modest evidence suggestive of positive selection in two of the three segments (together comprising the extracellular and transmembrane domains; [table 2](#msx168-T2){ref-type="table"}), with only the most N-terminal segment significant in both the M7--M8 and M8a--M8 comparisons. Thus, for the melanogaster and obscura group *Toll-3/4s* we find only weak, if any, statistical evidence in favor of positive selection.

The *Toll-3/4 genes from D. willistoni* showed a strikingly different signature. From an alignment of 13 *D. willistoni Toll-3/*4s, we again detected multiple recombination breakpoints by GARD; we used PAML to analyze each segment separately. We found very strong evidence of positive selection in the *Toll-3/4* genes of the *D. willistoni* genome (*P*-values \<10^−30^ for both M7--M8 and M8a--M8 comparisons, [table 2](#msx168-T2){ref-type="table"}). In the most N-terminal segment (bp1-1308), 16% of sites were predicted to have evolved under positive selection with an average dN/dS of 3.74. Twenty-four individual sites were identified by BEB analyses with a posterior probability greater than 0.95. After manual inspection of these sites, we conservatively excluded residues that were near gaps or gblocks-masked regions, obtaining a set of 20 high-confidence sites of positive selection in the *D. willistoni Toll-3/4s*. We also used the PARRIS program implemented under the HyPhy suite (see Materials and Methods) to analyze the most N-terminal segment of the *D. willistoni Toll-3/4* alignment. This is a more conservative test of positive selection, because it accounts for recombination and synonymous site variation. Even under this more stringent test, we found robust evidence of positive selection having acted on *D. willistoni* (*P*-value = 10^−5^), specifically in the N-terminal region of *Toll-3/4s*. We therefore conclude that *Toll-3/4* genes in the *D. willistoni* genome show unambiguous, strong signatures of positive selection, unlike the *Toll-3/4* genes in other lineages.

Positive Selection in Toll-3/4 Proteins in *D. willistoni* Overlaps Predicted Spätzle-Binding Pocket
----------------------------------------------------------------------------------------------------

We next investigated where the positively selected sites in the *D. willistoni Toll-3/4s* were likely positioned in the protein using Phyre2 ([@msx168-B37]). This program predicts the structure of an input amino acid sequence through comparisons to protein crystal structure databases. Phyre2 modeled the extracellular region of *D. willistoni* Toll-3/4 GK28112 (Toll-3/4.wil15) on a structure of *D. melanogaster* Toll-1 bound to its ligand Spätzle (c4lxrA; [@msx168-B52]). This structural model included amino acids 127--847 of GK28112 and consisted of a cysteine-rich LRRCT domain as well as an arc of LRRs. When we mapped the positively selected residues onto the model, we found that these residues clustered in a discrete patch on the underside of the LRR arc ([fig. 6](#msx168-F6){ref-type="fig"}), despite being scattered throughout the primary sequence of the protein. Seven additional positively selected residues fell in the unmodeled region 0-126, which Phyre2 could not suitably align to c4lxrA. When we compared the positively selected residues with those bound by Spätzle in the c4lxrA structure, we found that the positively selected positions were flanking and partially overlapping the Spätzle-binding interface ([fig. 6*B* and *C*](#msx168-F6){ref-type="fig"}).

![Positively selected sites are predicted to form a discrete patch that partly overlaps the Spätzle binding site. (*A*) Phyre2 predictions of *D. willistoni* GK28112 residues 127--847, colored according to conservation with other *wilistoni* Toll-3/4s (white to blue). Space filling residues (dark blue) within the leucine-rich repeats (LRRs) are those identified as positively selected by PAML. Additional positively selected residues were found in region 1 to 126, which was not included in the Phyre2 model. Inset cartoon represents the crystal structure of *D. melanogaster* Toll (gray) bound to its ligand Spätzle (cyan), showing regions of Toll-Spätzle contact (orange boxes). Light gray portions of the Toll crystal structure were not used in the Phyre2 model of GK28112. (*B*) View of the underside of the LRR arch of the GK28112 model, with predicted Spätzle-binding residues in orange. (*C*) Same view as (*B*), with positively selected residues as space filling spheres. The 16 positively selected residues in the modeled region overlapped the N-terminal portion of the Spätzle binding pocket and seven were homologous to residues that bind Spätzle in the Toll crystal structure.](msx168f6){#msx168-F6}

In *Drosophila*, the only known ligands of Tolls are the endogenous Spätzle proteins, which exist as six paralogs in *D. melanogaster* ([@msx168-B44]; [@msx168-B51]; [@msx168-B73]). If the Spätzle ligands were driving the rapid evolution of *Toll-3/4s,* we hypothesized that we would see a correlated expansion and diversification of Spätzle genes, specifically in lineages with abundant *Toll-3/4s*. To test this hypothesis, we again queried the 12 *Drosophila* genomes to look at Spätzle diversity. Contrary to our hypothesis, Spätzle 1--6 were found in single copy in nearly all genomes queried ([supplementary fig. S5](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online). Previous surveys detected weak signatures of positive selection on Spätzle by McDonald--Kreitman test ([@msx168-B48]) and PAML \[([@msx168-B27]) but not ([@msx168-B60])\] similar to those observed for *Toll-1* and *-4*, but nothing akin to the strong signatures we observed for the *D. willistoni* Toll-3/4s. We therefore hypothesize that the Toll-3/4 proteins in *D. willistoni* may have rapidly evolved in response to different rapidly evolving ligand, or alternatively, in response to an unknown antagonist.

Discussion
==========

Diverse repertoires of animal TLRs have evolved through a pattern of duplication and divergence to recognize a variety of microbial ligands. Although some TLRs bind to invariant microbial molecules and are broadly conserved, these receptors can also show signs of intermittent positive selection in multiple lineages, including the cell-surface TLRs of mammals ([@msx168-B6]; [@msx168-B4]; [@msx168-B56]), most TLRs in birds ([@msx168-B1]; [@msx168-B25]), and the greatly expanded TLR repertoire of echinoderms ([@msx168-B10]). It has been suggested that such diversification enables these TLRs to adapt to novel or rapidly changing microbial ligands.

Unlike in other animals, insect TLRs have been shown to recognize microbial ligands indirectly, downstream of extracellular signaling cascades that proteolytically cleave Spätzle, Toll's endogenous ligand. To a large extent, the constrained evolution of Toll family genes in *Drosophila* is consistent with their previously defined, indirect role in microbial recognition or development, which would require conservation rather than evolutionary novelty.

Our analyses identify the poorly studied *Toll-3/4* genes as exceptional among the *Drosophila Tolls* in several respects. First, unlike other *Toll* genes that have been shown to be important for development, we find that *Toll-3* and *Toll-4* are largely dispensable for viability and fertility in *D. melanogaster*. This finding is in contrast to their closest *D. melanogaster* paralogs, *Toll-1* and *Toll-5*; perturbation of either leads to viability defects.

Second, we found that *Toll-3/4* genes in many lineages have experienced an unusually rapid cycle of gene gain and loss. This process is occurring simultaneously in multiple *Drosophila* species, resulting in many private, lineage-specific *Toll-3/4s*. These types of diverse and rapidly evolving gene families are particularly challenging to analyze in large-scale screens for positive selection due to difficulties with gene annotation and assignments of orthology, necessitating the detailed, manual curation we have undertaken in this report. We also observed several lineages where the *Toll-3/4* genes were relatively static, as well as several that have lost *Toll-3/4s* all together. Intriguingly, human TLRs that are localized to the cell surface such as TLR1, 5, and 10 also have high frequencies of circulating, likely deleterious alleles (up to 10%), while additionally showing evidence of positive selection and even adaptive sweeps through the human population ([@msx168-B6]). It has been suggested that these TLRs may alternate between essential, protective roles and redundant, nonessential functions depending on the microbial pressures experienced by host populations. It seems likely that *Toll-3/4* evolution is also driven by strong selective pressures that are experienced only sporadically, or only in certain lineages.

A third unusual feature of *Toll-3/4s* is their restricted expression to males, largely to the male germline. This pattern of male germline-specific expression is common to very recently duplicated *Drosophila* genes ([@msx168-B5]), and our findings are consistent with the "out of testis" model for the evolution of new genes ([@msx168-B34]). This male-biased expression was observed for *Toll-3/4s* of different ages from many species, including *D. melanogaster, D. kikkawai, D. yakuba, D. pseudoobscura*, and *D. willistoni*, suggesting that it is a shared feature of *Toll-3/4s.* In several species, the level of expression remained low. In *D. melanogaster,* low, tissue-specific Toll-3/4 expression has generally hindered detailed study of these receptors ([@msx168-B69]; [@msx168-B35]). Even so, one study detected Toll-4 proteins in the mature sperm from dissected spermatheca of mated females via mass-spectroscopy, showing that these proteins are synthesized and transmitted to females upon mating ([@msx168-B76]). Given that we did not observe detectable expression from many *Toll-3/4s,* we infer that these are either pseudogenes, that they are genes expressed only in restricted tissues or conditions, or that the RNA-seq assays did not sequence deeply enough to detect these low-level transcripts. Still, several of the *D. pseudoobscura Toll-3/4s* such as *Toll4.obs3* are robustly expressed and are therefore reasonable candidates for functional studies.

Finally, while other *Toll* paralogs are strongly conserved and show no evidence for positive selection, we find strong evidence for *Toll-3/4* positive selection within *D. willistoni*, which encodes the largest number of *Toll-3/4*s. These evolutionary signatures are localized specifically to a region of the LRRs predicted to overlap with the Spätzle binding site. Although we did not detect robust evidence for positive selection for *Toll-3/4* genes from either the melanogaster or obscura groups, we note that these *Toll-3/4* genes are still the most unusual among the *Drosophila Tolls* in terms of their degree of divergence and rate of gene turnover. Indeed, the evolution of the *Drosophila Toll-3/4* gene family that we describe here more closely resembles the dynamic evolution and diversification of TLRs in distant animal lineages than that of other *Drosophila Toll* genes.

The forces driving the rapid evolution of *Toll-3/4s* remain a mystery. One of the major bottlenecks in our understanding is the lack of a functional role attributable to these genes. In the model species *D. melanogaster*, *Toll-3* or *Toll-4* knockdown or overexpression has not been reported to cause obvious phenotypes in viability, morphology, or antimicrobial gene expression ([@msx168-B49]; [@msx168-B78]; [@msx168-B45]; [@msx168-B61]). Our results are consistent with previous reports and we additionally find little, if any, impact of *Toll-3/4s* on viability or male fertility. Although the study of most genes, including other *Tolls*, is enabled by experiments in *D. melanogaster*, the idiosyncrasy of *Toll-3/4* evolution suggests that *D. melanogaster* may not be the best system to study their function. Since the birth of *Toll-3* during the early evolution of the melanogaster group, the branches leading to *D. melanogaster* have not experienced any *Toll-3/4* gains or losses, and these genes show, at most, modest signatures of positive selection. Because the *Toll-3/4* gene family is evolving most rapidly in species like *D. willistoni* and *D. pseudoobscura*, expanding functional experiments to these species may reveal more robust phenotypes.

Still, the strong evidence of positive selection on *D. willistoni Toll-3/4s* specifically within the ligand-binding pocket provides a clue as to the pressures driving *Toll-3/4* evolution. Rapid turnover at this interface implies that these *Toll-3/4s* are under selection to rapidly alter their binding affinity and/or specificity. What molecular interactions could be driving these changes? The ligands of most Toll paralogs have not been experimentally determined, but because Toll-1 binds to Spätzle, it is generally assumed that other Toll paralogs bind to Spätzle family proteins as well. Yet, all of the Spätzle paralogs are rarely duplicated and highly conserved, which means that none are likely causing the rapid evolution of Toll-3/4s. Instead, we hypothesize that *D. willistoni* Toll-3/4 evolution is driven by one of two possible scenarios---either these receptors are evolving to evade binding by an unknown antagonist molecule, or they are evolving to bind and recognize a novel, rapidly evolving ligand.

At a larger scale, what functions are these receptors likely to perform? Because these genes have not been experimentally well-characterized, all hypotheses about the functions of Toll-3/4 receptors are necessarily speculative. Even so, there are several contexts in which Toll-3/4s could function in a lineage-specific manner in the male germline that would be consistent with their rapid evolution. First, they may play a subtle role in male reproduction. Testis-expressed genes are among the most rapidly evolving in animal genomes, due to selective pressures such as sperm competition, sexual selection, and competitive interactions between sperm and the female reproductive system ([@msx168-B14]; [@msx168-B66]; [@msx168-B77]). Because these reproductive pressures have a strong impact on organismal fitness, even small changes in fertility could be subject to selection. The observation that *Toll-4* from *D. melanogaster* is transmitted to females upon mating ([@msx168-B76]) is consistent with a potential role in reproduction. Alternatively, if Toll-3/4s operate in an immune context, they may respond to widespread, vertically-transmitted bacteria such as *Wolbachia* that reduce the fertility of infected males ([@msx168-B47]; [@msx168-B22]). In this scenario, we predict that Toll-3/4s would localize to *Wolbachia-*containing vacuoles within the host cytoplasm, which have been observed by electron microscopy ([@msx168-B11]; [@msx168-B21]). Although previous studies have found that *Wolbachia* do not broadly activate host immunity through antimicrobial peptide expression ([@msx168-B9]), they do alter host immune responses by unknown signaling pathways ([@msx168-B70]), where Toll-3/4s could perhaps play a role.

Beyond the highly unusual evolutionary trajectory of *Toll-3/4s*, our analysis allows us to revisit previous genomic surveys of Toll gene repertoires to propose that the Toll family genes of insects fall into three distinct evolutionary classes. The first of these consists of the highly conserved *Toll-2, -6, -7*, and *-8* genes ([table 1](#msx168-T1){ref-type="table"}). *Toll-6, -7,* and *-8* are ancient genes, with one-to-one orthologs present across insects and even in some crustaceans ([@msx168-B18]; [@msx168-B83]; [@msx168-B23]; [@msx168-B50]). Although *Toll-2* is a relatively recent duplicate of *Toll-7*, it appears to evolve under similar constraints within *Drosophila* spp. The strong conservation of this first class suggests these genes predominantly play essential roles in insect physiology and development ([@msx168-B78]; but see [@msx168-B45]). The second class of Toll genes consists of *Toll-1, -5,* and *-9*, which evolve much faster than the first class, particularly in their extracellular domains ([table 1](#msx168-T1){ref-type="table"}). All three of these genes have been implicated in microbial sensing ([@msx168-B40]; [@msx168-B69]; [@msx168-B7]; but see [@msx168-B46]), and so it is possible that this receptor variation has been driven by evolutionary arms races with pathogens. Still, the evolution of *Toll-1, -5,* and *-9* remains somewhat constrained, likely due to the additional developmental roles of these receptors ([@msx168-B78]). We propose that the *Toll-3/4* genes of *Drosophila* are examples of a third, extremely rapidly evolving class of insect *Tolls* that are characterized by their lineage-specificity and evolutionary flexibility rather than by conservation and straightforward orthology. *Toll-3/4s* have apparently been released from their essential, developmental constraints (as evidenced by their frequent losses and lack of a gross effect on viability or fertility upon knockdown in *D. melanogaster*) to become much more genetically labile than their ancestral counterparts in the *Toll-1/5* lineage. The *Toll-1/5* lineage is ancient ([@msx168-B23]) and has repeatedly spawned additional, species-specific duplicates in insects as diverse as mosquitos, wasps, beetles, and aphids ([@msx168-B18]; [@msx168-B83]; [@msx168-B23]). We hypothesize that some of these *Toll-1/5* lineage-specific duplicates across insects have also been released from their essential, developmental roles to follow the rapid evolutionary path traversed by the Toll-3/4 receptors in *Drosophila*. In this manner, the third class of insect *Tolls* shares evolutionary characteristics with TLRs in other animal lineages, where the receptors can evolve to optimize their immune roles with few developmental constraints. Further characterization of Toll-3/4s promises to reveal the selective pressures driving their rapid evolution, and potentially novel, noncanonical functions for TLRs in insects.

Materials and Methods
=====================

*Toll* Sequences and Gene Model Annotations
-------------------------------------------

Sequences for the *Toll* paralogs were obtained from publically available genome assemblies. These included the 12 *Drosophila* genomes that have been well-annotated: *D. melanogaster, D. simulans, D. sechellia, D. erecta, D. yakuba, D. ananassae, D. persimilis, D. pseudoobscura, D. willistoni, D. virilis, D. mojavensis,* and *D. grimshawi* ([@msx168-B20]). We also obtained *Toll-3* and *Toll-4* sequences from the following assembled but unannotated genomes of melanogaster group species: *D. biarmipes, D. eugracilis, D. takahashii, D. elegans, D. ficusphila, D. kikkawai, D. bipectinata* and *D. suzukii* ([@msx168-B17]; [@msx168-B16])*.* We examined the genome of *D. rhopaloa* for *Toll-3/4* genes as well, but found only *Toll-3/4* pseudogenes, which we excluded from further analyses. We searched the genomes from the following outgroup fly species as well, but did not identify any *Toll-3/4* homologs: *D. busckii*, *B. oleae, H. illucens, P. variegata, S. bullata, M. domestica*, and *G. morsitans morsitans* ([@msx168-B32]; [@msx168-B64]; [@msx168-B75]).

To identify additional melanogaster group orthologs of *Toll-3*, we used degenerate primers to amplify and sequence the syntenic locus from *D. pseudotakahashii* (\#14022.0301.01) via PCR. We used NEB Phusion polymerase and the following primers: GCGCTTCATTTCAYTCCTTTG and GCTACAGGGTCCRCAGAA. This reaction yielded a single band of approximately 8kb. This product was gel extracted and analyzed by Sanger sequencing. Sequences obtained in our study have been deposited into Genbank (KY451958).

We identified *Toll* loci from genome assemblies via blastn and tblastn, using the *D. melanogaster Tolls* as queries. For *Tolls-1, -2, -5, -6, -7, -8,* and *-9*, the annotated transcripts across the 12 *Drosophila* genomes usually generated high-quality alignments with few gaps. However, in two species, *D. sechellia* and *D. persimilis,* the *Toll* gene model was incorrect. The *D. sechellia Toll* GM10345 was truncated due to a single base pair deletion in the assembly that caused a frame shift and early stop codon. We manually corrected this deletion (based on the *D. simulans* homologous sequence) to recover an intact, full length *Toll* sequence. The *D. persimilis Toll* had been split into two adjacent gene models, GL27223 and GL27224. We used the TIR domain from GL27224 to construct the tree of *Toll* genes ([fig. 1](#msx168-F1){ref-type="fig"}).

Nearly, all of the *Toll-3/4* loci required extensive manual corrections of the gene models, particularly at the N-termini. The incorrect gene models were likely due to the rapid evolution of these genes and the limited transcriptome data available for these loci. We attempted to construct more accurate *Toll-3/4* gene models through a manual, homology-guided annotation of the blastn- and tblastn-identified genomic regions. For each locus, we began by constructing a preliminary gene model that combined previous annotations (if any were available) with additional genomic regions we identified through blastn/tblastn from *D. melanogaster Toll-3/4s*. These blast-identified regions were extended into the surrounding genomic DNA to include the largest contiguous open reading frame that was bounded by the most plausible start, stop, and/or splice sites. We then constructed multiple alignments of preliminary *Toll-3/4* gene models at the nucleotide and amino acid levels using MAFFT v7.017 ([@msx168-B36]). Within these alignments, we identified regions that were conserved among most *Toll-3/4s* but missing from a single sequence, searched the adjacent genomic locus for the missing homologous sequence, and altered the exon boundaries accordingly. We also surveyed the genomic loci for large open reading frames that could represent additional or extended exons, and retained these regions in the gene model if the resulting transcript aligned well with other *Toll-3/4s*. This process of constructing alignments and adjusting gene models was performed iteratively until no further changes could improve the alignability of the sequences. We note that this conservative annotation approach could potentially lead to an underestimate of the rate of *Toll-3/4* evolution by minimizing changes in gene models that are not shared among *Toll-3/4s*.

We identified multiple degenerated fragments of *Toll-3/4s* that were severely truncated or that had acquired multiple stop codons along their length. However, we also found some *Toll-3/4s* that carried a single nonsense mutation while the rest of the gene was highly conserved, for example *D. melanogaster Toll-3* (also known as *MstProx*) and *D. yakuba Toll-4.yak1* (also known as GE18824). The *D. melanogaster Toll-3* mutation is known to be segregating in wild populations, and is found at approximately 2% of the population in the Drosophila Genetic Reference Panel ([@msx168-B42]). To test if the same was true of *Toll-4.yak1*, we sequenced this region from *D. yakuba* lines Tai15 and Tai18 as above using the following primers: TACTCGCTCGCATACCCATT and ACGCAGCGCAACAGAAAAAT. Both *D. yakuba* lines were homozygous for a single base pair insertion relative to the reference genome that resulted in a full length, intact gene. Therefore we manually corrected the sequences for these two genes to eliminate the nonsense mutations for downstream analyses.

Alignments and Phylogenies
--------------------------

We constructed alignments of *Toll* family amino acid sequences using the multiple alignment program MAFFT v7.017 ([@msx168-B36]). To obtain alignments of the corresponding nucleotide sequences for use in positive selection analyses, we used pal2nal v14 ([@msx168-B65]).

To construct a phylogeny across multiple *Toll* families ([fig. 1](#msx168-F1){ref-type="fig"}), we used the amino acid sequences of the intracellular TIR domains, as this is the most conserved and alignable region. The boundaries of TIR domain sequences were identified using hmmscan from HMMER v3.1 and aligned as above.

We constructed the *Toll-3/4* tree ([fig. 3](#msx168-F3){ref-type="fig"}) from a larger section of the multiple protein alignment. We defined "full length" *Toll-3/4* proteins as those predicted to contain an intact TIR domain and multiple LRRs by SMART ([@msx168-B63]). Any loci that lacked open reading frames containing these domains were designated as "pseudogenes". We aligned 61 full length sequences as above, then used Gblocks v0.91b ([@msx168-B67]) to remove poorly aligned or extremely diverged regions of the alignment. We used these Gblocks parameters: Minimum number of sequences for a conserved position = 31/61, minimum number of sequences for a flanking position = 51/61; maximum number of contiguous nonconserved positions = 8, minimum length of a block = 5, gap positions allowed with half of sequences. The resulting trimmed alignment included 417 amino acid positions, representing 28% of the original alignment including the TIR domains.

Phylogenies were built using PhyML ([@msx168-B26]) using the HKY85 substitution model, estimated transition/transversion ratio, estimated gamma distribution, and approximate likelihood ratio tests. Branches with support less than 0.50 (or 50% support) were collapsed.

Finding Repetitive Elements with UCSC
-------------------------------------

We used the UCSC genome browser to examine repetitive elements near the *D. yakuba Toll-3/4s*. This database includes repeats identified by RepeatMasker (A.F.A. Smit, R. Hubley & P. Green RepeatMasker at <http://repeatmasker.org>; last accessed June 2, 2017) based on the Repbase database of repetitive elements ([@msx168-B33]). We then delineated the boundaries of the identified *DNAREP1_DM* elements in the *D. yakuba* genomic sequence relative to the exons/introns of the various *D. yakuba Toll-3/4* paralogs.

RNA-Seq Analysis
----------------

We analyzed RNA-seq reads from the Drosophila modENCODE project ([@msx168-B16]) to look at expression in whole males and whole females of *D. yakuba* (SRR166820, SRR166821, SRR768435, SRR768436)*, D. kikkawai* (SRR346732, SRR346730), and *D. virilis* (SRR166836, SRR166837, SRR768439, SRR768440)*.* For *D. pseudoobscura*, we used reads from modENCODE series GSE31302 which included the following samples: Whole males, whole females, ovaries, testes, male carcass \[without testes\], and female carcass \[without ovaries\] (SRR166830, SRR166831, SRR166828, SRR166829, SRR330563, SRR330564, SRR330561, SRR330562, SRR330559, SRR330560, SRR330557, SRR330558). For *D. willistoni*, we used head, thorax and abdomen samples from [@msx168-B43] (SRP008012). The RNA-seq data derived from the following fly strains, which were also used for the reference genomes: *D. yakuba* Drosophila Species Stock Center (DSSC) \#14021-0261.01, *D. kikkawai* DSSC \#14028-0561.14, *D. virilis* DSSC \#15010-1051.87, and *D. pseudoobscura* DSSC \#14011-0121.94.

We used the following pipeline to trim and map the reads and to obtain FPKM expression values. We trimmed the reads for quality using Trimmomatic ([@msx168-B8]). For paired end reads, we then discarded all those that were no longer paired after trimming. We mapped the reads using Tophat2 ([@msx168-B38]) against these genomes: dpse_r3.04, dyak_r1.05, droWil1, Dkik_2.0, and dvir_r1.06. We restricted the maximum number of alignments allowed to 2 to reduce the likelihood of reads from one *Toll-3/4* paralog mapping to other paralogs and giving faulty signals of expression. This conservative approach limited our ability to detect expression from *Toll-3/4* genes in species with very close paralogs, such as in *D. yakuba* and *D. willistoni* (nearest paralog pairwise nucleotide identity of 94.7% and 96.6%, respectively), but was very useful in *D. kikkawai* (85.9% identity), *D. virilis* (71.1% identity), and *D. pseudoobscura* (67.4% identity). We generated FPKM values using Cufflinks ([@msx168-B72]) with quartile normalization and effective length correction, using the reference annotations as a guide to the gene boundaries. Because most *Toll-3/4* genes are incorrectly annotated or missing from reference annotations, we manually added or altered the annotations before running Cufflinks. We used gene-wise counts for the FPKM values. Occasionally, Cufflinks did not report FPKM values for the annotated gene model, but instead assigned those reads to a new gene model that was slightly longer or shorter than the annotation; in these instances, we used the FPKM values for the overlapping, nearly identical Cufflinks gene model.

*Drosophila melanogaster* expression values were obtained from modENCODE via Flybase ([@msx168-B24]).

RT-PCR Experiments
------------------

We investigated the expression of the *D. kikkawai Toll-3* duplicates by PCR on cDNA from *D. kikkawai* tissues of males and females (strain DSSC \#14028-0561.00), including whole adults, heads, ovaries, testes, and the remaining carcasses after dissection of gonadal tissues. RNA was extracted, treated with TURBO DNase (Ambion), and used for cDNA synthesis (SuperScript III, Invitrogen). To test for cross-contamination of the samples with genomic DNA, "No RT" control samples for each tissue were also generated in which reverse transcriptase was excluded from the reaction. We used the following primers to examine the expression of *Toll4.kik2* (AGATCAAAGACTGCGACCGT and GGTTCATATGGCCCCTCGAT) and *Toll4.kik7* (ACATCTACGCTCCGGAAACC and AGGCAGTCAGGTTCTCAAAGG). We could not reliably measure the expression levels of the other *D. kikkawai* paralogs by RT-PCR due to their high sequence similarity to each other, which resulted in primer cross-reactivity. *Toll4.kik2* and *Toll4.kik7* primer sets were tested in parallel on the cDNA and on the "No RT" samples, and no bands were observed from the "No RT" reactions. To ensure the quality of the *D. kikkawai* cDNA, we also used ribosomal *Rp49* primers on all cDNA samples, and observed similar amplification from all reactions.

Testing the Viability and Fertility of *Toll-3/4* Knockdown and Overexpression Flies
------------------------------------------------------------------------------------

The following Gal4 driver lines of *D. melanogaster* were used to generate *Toll-3* and *Toll-4* knockdown and overexpression flies: *yw*; *Act5C-Gal4/*TM6 BL3954, *vas-Gal4*/FM7c (m507) ([@msx168-B13]), *w; bam-Gal4 VP16 III* ([@msx168-B15]). The following RNAi lines were used to knockdown *Toll-3*: GD31513 and BL28526; or *Toll-4:* KK102642, GD47966, BL28543. For *Toll-5* knockdown, we used GD839. The *UAS-Toll-1, UAS-Toll-3,* and *UAS-Toll-4* lines used for overexpression were a gift from Dr Y. Tony Ip ([@msx168-B78]).

To generate knockdown or overexpression flies, we crossed virgin females from the Gal4 driver lines to males from each of the RNAi or UAS overexpression lines on day 0. After 5--7 days, we removed the adults from the vials. On day 14--18 after setting up the crosses, we counted all adult offspring and collected the knockdown or overexpression males. To test the fertility of these males, we crossed them to 3--5 day old *yw* virgin females, and counted the resulting offspring. As a control, we crossed the same virgin flies to *yw* males. We set up the fertility crosses with two different methods, but did not observe large fertility defects with either method. For the *Act5C-Gal4* crosses, we crossed single males and females in each of 10 replicate vials. We allowed the flies to mate and lay eggs for 5.5 days, then removed the adults. We discarded vials where one or both flies had died during the 5.5-day period. Eighteen days after setting up the fertility crosses, we counted all eclosed adult offspring. For the *vasa-* and *bam-Gal4* crosses, we crossed 3 males with 3 *yw* virgins per vial and allowed them to mate and lay eggs for 3.5 days before removing them. We counted the eclosed adult offspring 14--17 days after setting up the cross.

Tests of Positive Selection
---------------------------

We tested for positive selection in multiple alignments of *Toll-3/4*s, as well as all other *Toll* family genes. Due to the extensive sequence diversity within *Toll-3/4s*, alignments of these proteins from all *Drosophila* spp. contained many gaps and poorly aligned regions. We therefore tested for positive selection on smaller *Toll-3/4* subclades, attempting to balance the improved statistical power from including more sequences with the improved alignment quality from excluding highly diverged sequences. Obscura group *Toll-3/4.obs2* genes were excluded because they were significantly shorter than the other *Toll-3/4s,* as was *D. pseudoobscura Toll-4.obs9* GA32237, a partial gene on a small scaffold. The *Toll-3/4s* included in each subclade are listed in [supplementary figure S3](#sup1){ref-type="supplementary-material"}, [Supplementary Material](#sup1){ref-type="supplementary-material"} online and the alignments used are presented in [supplementary materials](#sup1){ref-type="supplementary-material"} S2--S5, [Supplementary Material](#sup1){ref-type="supplementary-material"} online. The subclades considered are listed in [table 2](#msx168-T2){ref-type="table"}.

For each amino acid alignment, we use pal2nal to obtain the corresponding nucleotide alignment and removed the poorly aligned regions with Gblocks as described above. *Toll-3* and *-4* retained 95%--97% of the positions in the alignment following Gblocks curation. The *D. willistoni* and obscura group *Toll-3/4s* were less well-aligned and so retained 90% and 63% of alignment positions following Gblocks, respectively. We uploaded each alignment to the Datamonkey server ([@msx168-B55]) and ran the automated substitution model selection program. To test for recombination, we ran each alignment through GARD ([@msx168-B39]) using a general discrete model for site-to-site rate variation and 3 rate classes. If significant breakpoints were detected, we divided the alignments into multiple sections at these breakpoints and re-ran GARD on each section until no further significant breakpoints were detected. For *Toll-3* and *-4,* there were no significant breakpoints, while the *D. willistoni* alignment was divided into 4 sections and the Obscura alignment was divided into 3 sections. All following analyses were performed on each alignment section separately.

We generated PhyML trees as above, which we used to run PAML and PARRIS. For each initial PAML run, we used a starting omega of 0.4 and a codon frequency model of F3x4. For the *D. willistoni* alignment that showed some evidence of positive selection, we also reran PAML with varied codon models (1/61 or F3X4) and starting omegas (up to 1.5) and found that the results were robust to changes in the model parameters. We examined the positions of the codons identified as positively selected in our alignments under the BEB criteria, a single residue in the obscura alignment and 24 positions in the *D. willistoni* N-terminal alignment. We did not consider any residues immediately adjacent to Gblocks curated regions, as these may represent low-quality regions of the alignment, leaving 20 high confidence positions.

For PARRIS, we performed all analyses within the HyPhy suite, using the codon substitution model 010012 as recommended by the HyPhy model selection algorithm.

Structural Predictions
----------------------

To identify where the 20 *D. willistoni* positions were likely found in the *Toll-3/4* protein, we used Phyre2 ([@msx168-B37]). This algorithm uses remote homology searches and secondary structure predictions of a query amino acid sequence against a database of known crystal structures. For satisfactory regions of alignment, the program threads the query sequence onto a backbone of the known structure and models in loops and side chains to yield a structural prediction. We used the *D. willistoni* protein GK28112 as a query. The Phyre2 hits included TIR domains and multiple mammalian TLRs in addition to a co-crystal structure of the extracellular domain of *D. melanogaster* Toll bound to the Spätzle ligand (4lxr, [@msx168-B52]). Given the phylogenetic proximity, we focused on the GK28112 prediction derived from the *D. melanogaster* Toll structure, which modeled residues 127--847 of GK28112. This region included 16 of the 20 positively selected residues; the remaining sites were in the N-terminal 0--126 region not modeled by Phyre2. We used the Phyre2 alignment of GK28112 and *D. melanogaster* Toll to map both the positively selected residues and the previously identified Spätzle-interacting residues onto the structure using Chimera ([@msx168-B53]). We also used the Phyre2 alignment as the seed for a consensus alignment of 4lxr, GK28112, and 19 other *D. willistoni Toll-3/4s*, generated using Geneious, which was then used to color the structural model by level of conservation.
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[Supplementary data](#sup1){ref-type="supplementary-material"} are available at *Molecular Biology and Evolution* online.
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